Effect of pressure on the magnetostructural transition in SrFe2As2 
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We present a systematic pressure study of poly- and single crystalline SrFe2As2 by electrical 
resistivity and X-ray diffraction measurements. SrFe2As2 exhibits a structural phase transition 
from a tetragonal to an orthorhombic phase at To = 205 K. The structural phase transition is 
intimately linked to a spin-density-wave transition taking place at the same temperature. Our 
pressure experiments show that To shifts to lower temperatures with increasing pressure. We can 
estimate a critical pressure of 4 to 5 GPa for the suppression of To to zero temperature. At pressures 
above 2.5 GPa the resistivity decreases significantly below Ta; ~ 40 K hinting at the emergence of 
superconductivity but no zero-resistance state is observed up to 3 GPa. 

PACS numbers: 05.70.Ln, 71.20.Lp, 74.70.Dd, 75.30.Fv 
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I. INTRODUCTION 



The recent discovery of superconductivity and the sub- 
sequent raising of the superconducting transition tem- 
perature, Tcj in iron arsenides has attracted tremen- 
dous interest in the scientific community. Superconduc- 
tivity was first reported in iiFeOAs compounds {R = 
La - Gd)ii2ii2ii^i^ and later on in the 4Fe2As2 series of 
compounds {A = Ca, Sr, Eu, Ba)i^'i'^'^ The structures 
of both famiHes of compounds present almost identical 
FeAs-layers which are responsible for the peculiar be- 
havior of these systems. The undoped compounds show 
a tetragonal to orthorhombic structural phase transi- 
tion associated with magnetic ordering giving rise to a 
spin-density-wave instability between 150—200 K j^i^i^°i^^ 
which can be suppressed by chemical substitution or ap- 
plication of pressure . ^'^'^i^^ Doping-induced superconduc- 
tivity was observed in fluorine-doped/0-deplated mem- 
bers of i?FeOAs with T^ values approaching up to 
50 Kjii^i^ The superconducting transition temperature 
reaches up to 38 K in j4Fe2As2 (^ = Sr, Ba) on partial 
replacement of A with K or Cs4 i^°'^'^ However, chemi- 
cal substitution in contrast to the application of pressure 
changes not only the unit-cell volume but also the elec- 
tronic structure considerably for example by adding or 
removing charge carriers from the conduction band. 

In CaFe2As2 pressure studies reported a very fast sup- 
pression of the transition temperature Tq related to the 
magnetic ordering and lattice distortion and its disap- 
pearance at around 0.4 GPa.^^'^"* Simultaneously, super- 
conductivity appears with a maximum T^ ~ 12 K. Fur- 
ther on an anomaly appears above 0.5 GPa at around 
100 K and shifts strongly to higher temperatures with 
increasing -p. Neutron scattering experiments evidenced 
this anomaly to correspond to a structural transition to- 
wards a collapsed, tetragonal structure, with a reduced 
cja ratio. ^^ In contrast measurements on BaFe2As2 re- 
vealed a much weaker pressure effect, with Tq decreasing 
by only 15 K at 2 GPa, and no superconductivity un- 



til this pressure.-^ A much weaker pressure effect for the 
larger earth alkaline metals Sr and Ba was confirmed by 
Alireza et alP^ who reported the onset of superconduc- 
tivity at 2.8 GPa and 2.5 GPa with maximum Tc = 27 K 
and 29 K for SrFe2As2 and BaFe2As2, respectively. How- 
ever, one has to note that all these results were obtained 
on single crystals grown from Sn flux. Especially in the 
case of BaFe2As2 this technique is known to lead to a 
significant incorporation of Sn into the single crystals, 
which strongly affects the physical properties, resulting 
e.g. in a strong reduction of Tq. On the other hand the 
huge difference between the pressure effect on CaFe2As2 
compared to that on SrFe2As2 and BaFe2As2, as well 
as the absence of a collapsed phase in doped ^Fe2As2 
(and doped iJFeAsO) suggests that this collapsed phase 
might be unique to CaFe2As2, being related to the com- 
paratively small size of Ca, and not a general feature of 
the ^Fe2As2 materials. The absence of a collapsed phase 
in superconducting, doped ylFe2As2 already proves that 
this collapsed phase is neither a prerequisite for the dis- 
appearance of magnetic order, nor for the onset of super- 
conductivity. 

X-ray studies on SrFe2As2 at room temperature and 
down to 210 K evidenced an undistorted tetragonal 
ThCr2Si2 type structure while at 205 K and below 
the diffraction diagrams can be well described by an 
orthorhombic unit cell in accordance with the pro- 
posed structure for BaFe2As2. Between 210 K to 
205 K, the high-temperature undistorted tetragonal 
phase disappears abruptly but a small amount of the or- 
thorhombic phase coexists as expected for a first-order 
phase-transition. Resistivity, p(T), susceptibility, x(2^)j 
and specific heat, C{T), measurements show anomalies 
around 205 K,^^. Our results on poly- and single crys- 
talline SrFe2As2 from high pressure electrical resistivity 
and X-ray diffraction experiments reveal a suppression of 
To with increasing pressure and hint to the possible exis- 
tence of a magnetic instability in the pressure range from 
4 to 5 GPa. Resistivity data suggests the emergence of a 
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FIG. 1: (Color online) Electrical resistivity lis. temperature 
for different pressures for polycrystalline SrFe2As2. Inset: 
d^p(T)/dr^ for the same pressures, arrows indicate Tq. 



superconducting phase at p > 2.5 GPa. 



II. METHODS 

The polycrystalline SrFe2As2 samples were synthesized 
by heating a 1 : 2 : 2 mixture of Sr, Fe, and As in an 
AI2O3 crucible, sealing it under inert atmosphere inside 
an evacuated quartz tube and subsequent heating.^ Sin- 
gle crystals were obtained using the Bridgman method 
(cf. Ref. Q). Both types of samples crystallize in the 
undistorted tetragonal ThCr2Si2 structure. Measure- 
ments of the electrical resistance were carried out us- 
ing a standard four-probe technique. Magnetic field was 
applied perpendicular to the current. The experiments 
on single crystals were made with current flowing in 
the (a, 6)-plane and magnetic field along the c-direction. 
Temperatures down to 1.8 K and magnetic fields up to 
14 T were generated using a flow cryostat and a physical 
property measurement system (Quantum Design). Pres- 
sures up to 3 GPa have been achieved in a double-layer 
piston-cylinder-type pressure cell with silicone oil as pres- 
sure transmitting medium. The superconducting transi- 
tion of Pb which served as a pressure gauge, remained 
sharp at all pressures, indicating a pressure gradient less 
than 1 — 2 % of the apphed pressure. The pressure change 
on cooling from room temperature to 1.8 K was less 
than 0.1 GPa. X-ray diffraction under pressure was con- 
ducted on ground crystalline powders of the compound. 
The samples were loaded into the gasket of a membrane- 
driven diamond anvil cell with a culet size of 0.6 mm. In 
order to realize hydrostatic conditions, helium was used 
as a pressure transmitting medium. A helium gas-flow 
cryostat enabled thermostated low-temperature measure- 
ments. Sm-doped SrB407 was used as a temperature- 
insensitive pressure calibrant r^'-^ Diffraction data were 



collected on ID9A at the ESRF, Grenoble, using a wave- 
length of 41.34 pm. During exposure, samples were os- 
cillated by six degrees in order to enhance powder statis- 
tics. Finally, the recorded 2D diffraction patterns were 
integrated by means of the computer program Fit2D.^i 
To study the pressure dependence of the magnetic insta- 
bility, band structure calculations have been carried out 
within the local (spin) density approximation (L(S)DA) 
fixing the As z parameter to the experimental ambi- 
ent pressure values. We applied the full-potential local- 
orbital code FPL02a (V 7.00-28) with the Perdew-Wang 
exchange correlation potentiaP'^ and a well-converged fc- 
mesh of 24"^ points for the Brillouin zone. 



III. RESULTS AND DISCUSSION 

Figure [T] shows the electrical resistivity of polycrys- 
talline SrFe2As2 as a function of temperature for selected 
pressures. At ambient pressure p(r) is weakly decreas- 
ing between 300 K and 205 K. At around 205 K p(T) 
shows a sharp drop at Tq followed by a further strong 
decrease to low temperatures, in quite good a gree ment 
with the previously reported Tq = 198 K (Ref.^. On 
increasing pressure the feature at Tq is becoming broader 
but is still well defined up to the highest pressure of 
our electrical resistivity experiment. There is no qual- 
itatively different behavior between the polycrystalline 
and the single crystalline material. At ambient pres- 
sure the polycrystals have a residual resistivity ratio of 
RR1.8K — P30ok/pi.8K = 32 and a room temperature re- 
sistivity P300K — 0.83 mficm compared with i?i?i.gK = 25 
and P300K — 1-09 mJlcm for the single crystals. However, 
the kink at Tq remains sharper for the single crystal at 
high pressure. It is also worth mentioning that mag- 
netic field of B = 9 T has no effect on Tq in the single 
crystalline sample at our highest pressure of 2.94 GPa 
for B \\ c, similar to the behavior reported at ambient 
pressure/^ To a-s defined by the minimum in the sec- 
ond derivative (Pp{T)/dT'^ (cf. inset of Fig.[l]) shifts to- 
wards lower temperatures on application of pressure. The 
phase diagram in Fig. [5] summarizes the results. Within 
the error-bars there is no difference between the poly- 
and single crystalline samples. Initially To{p) decreases 
with a slope of dTo/dp |p=o~ —13 K/GPa with increas- 
ing pressure. dTo/dp |p=o of SrFe2As2 is in fairly good 
agreement with dT^/dp |p=o~ —10.4 K/GPa reported for 
BaFe2As2r^ but almost one order of magnitude smaller 
than for CaFe2As2.-^ 

In the ^Fe2As2 compounds, Tq at ambient pressure 
corresponds to both the structural transition and to the 
onset of antiferromagnetic ordering, which are intimately 
linked together*!'— In contrast, it is presently suggested 
that in the iJFeAsO compounds^ the antiferromagnetic 
ordering occurs at approximately 10 — 20 K below the 
structural ordering. There both transitions are marked 
by an anomaly in the resistivityfi A careful analysis of our 
resistivity data do not reveal any evidence for a splitting 
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FIG. 2: (Color online) Temperature-pressure phase diagram 
of SrFe2As2 with To values from the evaluation of resistiv- 
ity data (poly-crystal - filled circles, single crystal - stars) 
and X-ray measurements (filled diamonds). The data points 
for the X-ray measurements are shown by open squares and 
triangles for the tetragonal and the orthorhombic phase, re- 
spectively. The approximately isobaric and isothermic runs 
are guided by horizontal and vertical lines, exemplary X-ray 
patterns are presented in the upper and lower inset. The 
splitting of the refiections at about 15 and 17 degrees indi- 
cates the structural transition. The measured region for the 
orthorhombic (magnetic) phase is shaded in gray, the dashed 
line is an extrapolation of the phase boundary down to zero 
temperature. 



of the anomaly at Tq under pressure, neither in p(T) nor 
in its first or second derivative. Thus our resistivity data 
evidence that both transitions remain linked together un- 
der pressure. In order to get additional information on 
the effect of pressure on this transition, we carried out 
temperature-dependent high pressure X-ray diffraction 
studies for pressures up to 4.4 GPa and temperatures 
down to 140 K. We performed two approximately isother- 
mal and isobaric runs, respectively. Exemplary X-ray 
patterns are presented in the insets of Fig. [5] and the lat- 
tice parameters of the isothermal measurements in Fig. [31 
For each run, we could observe a clear phase transition 
from the tetragonal to the orthorhombic phase with de- 
creasing temperature or a suppression of the distortion 
with increasing pressure. The phase boundary has been 
determined as the midpoint (filled diamonds in Fig. ^ 
between the boundary points of the two phases. 

At 2.55 GPa a sharp decrease in resistivity shows up 
below 40 K in the data of the polycrystalline sample. 
In the single crystal a similar reduction is observed at 
a slightly higher pressure {p = 2.88 GPa) and at some- 
what lower temperature. However, we do not observe 
zero-resistance at any pressure investigated in this study. 



The transition temperature T^ is in the same range where 
electron doped SrFe2As2 becomes superconducting giv- 
ing a hint at a superconducting origin of the reduced 
resistance below T^;.^- To further elucidate the nature 
of the transition observed in the electrical resistivity we 
applied a magnetic field. The results at p = 2.55 GPa 
for the polycrystalline and at p = 2.94 GPa for the sin- 
gle crystalline sample are presented in Fig. 31 With in- 
creasing magnetic field the reduction of the resistivity is 
getting smaller and the T^ shifts in the whole accessi- 
ble magnetic field range towards lower temperatures. Up 
to 14 T B^{T) = B{T = T^) depends linearly on the 
magnetic field and the initial slope dBx{T)/dT \t=t^ = 
—2.05 T/K, the same for both samples and pressures, 
is typical for the superconducting upper critical field, 
Bc2{T), in the iron-arsenide compounds. ^^ From these 
indications we speculate that the observed drop in the 
electrical resistivity indicates the emergence of a super- 
conducting phase in SrFe2As2. 

Comparing the phase boundary constructed from the 
X-ray diffraction and the electrical resistivity data for 
both poly- and single crystalline samples, we find ex- 
cellent agreement between all measurements. Thus, we 
clearly observe an orthorhombic phase for pressures be- 
low 3.8 GPa and T < 140 K. This is most likely in 
contrast to the data obtained by Alireza et al.^ where 
superconductivity with Tc « 27 K was observed for 
SrFe2As2 at 2.8 GPa. At ambient pressure, the occur- 
rence of the orthorhombic phase is intimately linked to 
antiferromagnctism. According to our electronic struc- 
ture calculations, this intimate connection between the 
antiferromagnetic order and the orthorhombic distortion 
is preserved under pressure. Simulating hydrostatic pres- 
sure in our calculations, we find that the magnetic insta- 
bility disappears at about 10 percent volume reduction, 
corresponding to a critical pressure of slightly more than 
10 GPa. This value should be considered as a rough 
upper estimate, since it suffers from the known LDA 
overestimate of magnetism in this class of compounds. 
In contrast to CaFe2As2, where our calculations indi- 
cate the tetragonal collapsed phase similar to Ref. jT^, 
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FIG. 3: (Color online) Lattice parameters as refined from X- 
ray diffraction data collected at different temperatures and 
pressures. Coincidence of the parameters a and h indicate the 
tetragonal phase. 
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FIG. 4: (Color online) Electrical resistivity of SrFe2 As2 at p = 
2.55 GPa (polycrystal, open symbols) and at p = 2.94 GPa 
(single crystal, solid symbols) in different applied magnetic 
fields. The solid line represents the ambient pressure data for 
the polycrystalline sample as a reference. The arrows indicate 
Tx- Inset: B — T diagram compiled from the resistivity data. 



we find no such transition for AFe2As2 {A — Sr, Ba, 
Eu). This suggests that the c/a collapse of the tetragonal 
phase is a rather special feature of the CaFe2As2 system 
without general relevance for the phase diagram of the 
AFe2As2 compound family. A more precise study, includ- 
ing the pressure dependence of the magnetic transition 
upon doping, will be the subject of future investigation.^'' 
Our preliminary results indicate a considerable influence 
of doping and impurities on the critical pressure. This 
result, although preliminary, may offer an explanation for 
the observed differences of transition pressures in differ- 
ent samples J^ii^iii 

Results from specific heat, magnetic susceptibility 
and resistivityji as well as X-ray, neutron diffraction, 
muon-spin relaxation, and Mossbauer experiments 
indicate a first-order nature of the transition at Tq-^* 
However, Tegel et al^ conclude a second-order type of 
the transition from their temperature-dependent X-ray 
powder diffraction and Mossbauer spectroscopy. To get 
a further insight in the nature of the phase transition, we 
analyzed the slope of our Tq{p) data aX p — utilizing 
the Clausius-Clapeyron equation dT/dp = TAV/AH 
applicable for a first-order phase-transition. With 
the initial slope dT/dp = — 13 K/GPa and the latent 
heat at the transition AH « 200 J/molfi^ we ob- 
tain a volume change for the orthorhombic unit cell 
AV = —0.8 X lO""* nm^, which has the same sign and 
the same order of magnitude as the experimental result 
AV = —0.3 X 10"'' nm'^i^ An analysis for a second-order 
transition leads to a discrepancy of at least one order 



of magnitude between calculated and observed specific 
heat anomaly. Therefore this comparison supports the 
first-order nature of the transition. 



IV. SUMMARY AND CONCLUSION 

In summary, we have determined the effect of pressure 
on the structural and magnetic transition in SrFe2As2 
using electrical resistivity and X-ray diffraction measure- 
ments. We observe a weak decrease of Tq with increasing 
pressure with an initial slope of —13 K/GPa and a bend- 
ing towards lower temperatures at higher pressures. Ex- 
trapolating these data and assuming a continuous sup- 
pression of Tq down to T = would lead to a critical 
pressure of the order of 4.5 GPa. However, the suspected 
first-order nature of the phase transition at Tq makes a 
classical critical end-point at a finite temperature more 
likely. We still observe a transition to the orthorhom- 
bic phase at 3.8 GPa below 140 K. Nevertheless already 
at around 2.5 GPa we observed in p{T) a kink at 40 K 
leading to a stronger slope dp{T)/dT at lower temper- 
atures. This is suggestive of superconductivity emerg- 
ing at the disappearance of the structural and magnetic 
transition. This interpretation is supported by the lin- 
ear shift of this anomaly to lower temperatures with ap- 
plied magnetic field. These experimental observations 
are supported by results of band structure calculations 
which also indicate the antiferromagnetic order to be- 
come unstable upon volume reduction. Thus, in contrast 
to the observation in the high temperature superconduc- 
tors based on cuprates, in the layered FeAs systems the 
suppression of magnetism and the onset of superconduc- 
tivity do not need electron or hole doping, but can be 
achieved without doping by tuning the electronic states 
with pressure. The suppression of magnetism upon ap- 
plying pressure is in accordance with and a further hint 
for an itinerant character of the magnetism, since for lo- 
calized magnetism one usually expects an enhancement 
of the ordering temperature with pressure. 

Note added. — While revising our manuscript we got 
knowledge of a paper presenting a resistivity study of 
SrFe2As2 in the pressure range up to 2 GPai^ In this 
work a similar decrease of p(T) below T^, which we ob- 
serve only above 2.5 GPa, is already reported at smaller 
pressure. 
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